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ABSTRACT 

 

Upon its recent introduction, a versatile class of organic-inorganic hybrid systems known as 

metal-phenolic networks (MPNs) has been steadily growing its potential for applications in 

various fields such as catalysis, bio-imaging, and drug-delivery. Many of these applications 

involve the processes of mediation, disassembly, and/or release, which often rely on  redox-

dependent interactions. Self-assembled MPNs, possessing metal-coordinated structures, may 

potentially serve as redox responsive platforms, offering an additional tool of control for 

triggered disassembly or drug release. Therefore, a comprehensive study of MPN’s 

reduction/oxidation behaviour for evaluation of its redox responsiveness, specific conditions 

for disassembly and comments on the kinetics of metal ion release is necessary. Starting with 

a gallic acid – iron (GA/Fe
III

) system as a simple MPN representative, we carried out 

electrochemical characterisation to provide valuable fundamental insights into the redox 

behavior of these networks. We demonstrate that GA/Fe
III

 is redox active, evaluate its 

electrochemical reversibility, identify the oxidation state of the redox active species, and 

provide information regarding stability towards reductive stimuli and specific redox 

conditions for Fe
III

 “on-off” or continuous release. Overall, through studying the redox 



properties of GA/Fe
III

 film, we advance the understanding of multi-functional iron containing 

MPNs platforms for the wide range of biologically relevant applications. 

INTRODUCTION 

 

Functional hierarchical materials fabricated using coordination-driven self-assembly are of 

importance in diverse fields of materials science [1-4]. Among these, is the recently reported 

versatile class of organic-inorganic hybrid systems known as metal-phenolic networks 

(MPNs) [5]. Typically, MPNs are formed using either synthetic or naturally abundant 

phenolic compounds, bearing catechol or galloyl groups, and transition metals as structural 

motifs [5-9]. The formation of MPNs on a solid substrate involves the interfacial assembly of 

strongly coordinated metal-phenolic complexes resulting in stable, surface-confined, 

amorphous films. Advancing from the initial use of tannic acid (TA) as a macromolecular 

polyphenolic ligand [5, 7], the MPN assembly process has been observed to be more generic 

in nature and applicable to simpler phenolic moieties such as gallic acid (GA), pyrogallol 

(PG), and pyrocatechol (PC). MPN films formed by these small phenolic ligands and Fe
III

 

have provided valuable insights into structural requirements for the assembly process and 

details on coordination chemistry of the resulting networks [9]. Moreover, these findings 

have guided the design of iron-containing MPNs from other small biologically functional 

ligands such as quercetin and myricetin [10]. 

 

To date, MPNs have already shown potential applications in various fields such as catalysis, 

separation, bio-imaging and drug-delivery [7, 11-13]. Though progress has been made in 

understanding the assembly, structure, and physicochemical properties [5, 7, 9, 14] the 

electrochemical nature of MPNs has rarely been investigated [15]. In general, ortho-

dihydroxybenzenes are known to be redox active in their non-coordinated form as well as 

coordinated in discrete metal complexes [16-18]. Thus, it can be expected that the 

coordinated structures of amorphous MPNs will respond to electrochemical stimuli and that 

such a response will add to our current understanding of the nature of the coordination 

network. In particular, thorough electrochemical analysis of MPN systems might provide 

details on characteristics such as red-ox activity and its reversibility, the oxidation state of the 

redox active species, and specific conditions for controlled disassembly. Overall, 

understanding of MPN’s reduction/oxidation properties may provide valuable fundamental 

insights for the future design of electrochemical actuators for biologically relevant and wide-

ranging applications in medicine, e.g., controlled drug release [19-22]. The applicability of 



MPNs can be extended even further owning to their structural features. For example, precise 

control of iron-containing MPN disassembly might be useful in the environments such as 

soils, fresh and marine waters where bioavailability of iron is compromised due to its poor 

solubility. Therefore,  MPNs also have the potential to serve as an iron supplement 

controlling/regulating platforms for agri/aquaculture, and marine science [23-25].  

 

Herein, we focused on the electrochemical behaviour of a MPN system prepared using a 

simple and naturally abundant phenolic ligand of GA and Fe
III

 as a metal cross-linker. 

Electrochemical characterization was performed by employing cyclic voltammetry and 

chronoamperometry techniques under both static and dynamic conditions. The as-prepared 

GA/Fe
III

 film was found to be redox responsive and its electrochemical response was 

correlated to the specific coordination interactions. We also analysed the reversibility of the 

electrochemical response and provide details regarding the nature of the redox active species 

within the GA/Fe
III

 network. Additionally, we report on the possible release of Fe
III

 from the 

network triggered by electrochemical stimuli, and demonstrate the specific redox conditions 

for the continuous disassembly of a GA/Fe
III

 film.    

 

RESULTS AND DISSCUSSION 

 

GA/Fe
III

 capsules were prepared utilizing a coordination-driven self-assembly approach 

according to our previous report [9]. In brief, the ~ 3.2 µm size polystyrene (PS) particles 

used as a template were mixed with an aqueous solution of gallic acid (GA) followed by 

addition of an aqueous solution of iron (III) chloride in a stoichiometric ratio of 1:1 and, upon 

the adjustment of the pH  to ~3.8, the PS cores were dissolved using THF (the full 

characterization has been reported elsewhere [9]). To study their electrochemical behaviour, 

freshly prepared GA/Fe
III

 capsules were resuspended in an ethanol/nafion solution which was 

drop-cast on a glassy carbon electrode (GCE) and air dried (see SI for details). It is important 

to note that we used the capsules throughout this study for two reasons: i) the electrochemical 

behaviour of planar and colloidal films has been demonstrated to be identical, [26-28] ii) 

colloidal MPN films (i.e., capsules) can be produced with high degree of precision and 

homogenous film thickness, which is difficult to achieve for planar films since it requires 

multiple cycles to obtain the complete coverage of planar substrates [5]. Figure 1a 

schematically shows the synthesis of GA/Fe
III

 capsules and their preparation for 

electrochemical studies. A cyclic voltammogram (CV) for the GA/Fe
III

 system was recorded 



in the potential range of -500 mV to +900 mV and is shown in Figure 1b. It is noteworthy to 

mention that the potential window was chosen to exclude/reduce any possible competitive 

processes of hydrogen and oxygen evolution [29, 30] that might affect the electrochemical 

data evaluation, which, for the majority of studied materials occur outside of this selected 

range. As it can be seen from the recorded CV, the GA/Fe
III

 network exhibits a well 

pronounced redox response, with distinct oxidation and reduction processes as compared to a 

CV recorded at a bare GCE (Figure 1b, black dotted line). In the forward scan from 0 to 

+900 mV, the oxidation of GA/Fe
III

 begins at a low potential of +80 mV and continues until 

it reaches the observed current density value of ~0.11 mA/cm
2
. During the reverse scan from 

+900 mV to -500 mV a reduction peak at +80 mV with a much lower magnitude of ca. -0.02 

mA/cm
2
 appeared. The observed (about 5-fold) difference in absolute values recorded for the 

oxidation and reduction processes (0.11 mA/cm
2
 vs. -0.02 mA/cm

2
) might correspond to the 

following scenarios. Thus, during the initial CV cycle, at a given scan rate and the chosen 

potential window range, the redox active species present in GA/Fe
III

 network; (i) are of the 

same nature, though, differ in terms of reduction and oxidation kinetics; or (ii) are of a 

different nature. 

 

To reveal the origin of the GA/Fe
III

 network redox responsiveness, we recorded a CV for a 

GA solution (Figure 2a) which was used as a reference. For GA, we observed two separate 

oxidation peaks at +350 mV and +650 mV. The first peak at a lower potential appears due to 

the oxidation of the catechol group present in GA corresponding to a quinone motif, whereas 

the second peak (at higher potential) is the oxidation of single hydroxyl groups. This 

observation agrees well with previously reported electrochemical data for GA and similar 

phenolic compounds [16, 31]. It is also important to note that, based on the oxidation peak 

position and the corresponding magnitude of the current, oxidation of the GA catechol group 

to quinone is the dominant process. Moreover, oxidation of GA as a whole is an irreversible 

process and indeed, we did not observe any related reduction peaks (Figure 2a). Therefore, 

this observation indicates that the oxidation response of this iron-coordinated network, upon 

the first forward scan, primarily originates from the phenolic ligand itself. This observation 

can be additionally supported by the fact that GA/Fe
III

 capsules contain iron in the oxidation 

state 3+ [9, 32] which is highly unlikely to further oxidize.  

 

Furthermore, knowing that the phenolic ligand is irreversibly oxidized, we then suggest that 

the peak upon the reverse scan for the GA/Fe
III

 network must originate from the Fe
III

 to Fe
II
 



reduction process. To investigate this further, we recorded a CV for GA/Fe
III

 with a starting 

potential of +100 mV and ran it to a lower limit of -500 mV first, followed by an additional 

complete CV cycle (Figure 2b). The starting potential of +100 mV was selected to avoid 

oxidation of the phenolic ligand within the iron-coordinated network. Surprisingly, we did 

not observe any reduction peak despite the presence of Fe
III 

within the network which can 

potentially be reduced to Fe
II
. We assume that Fe

III
 is strongly coordinated to the phenolic 

ligand in the GA/Fe
III

 network (Figure 2c), and therefore, is irresponsive to reductive stimuli 

in the chosen potential scan range. Interestingly, the reduction peak only appears upon 

completion of the consecutive oxidation scan. This finding can be explained by the 

irreversible oxidation of the catechol groups to a quinone at the more positive potential as 

determined for the free ligand. Even after oxidation the Fe
III

 must still be coordinated to the 

quinone groups (Figure 2d), but significantly weaker as compared to an iron-catechol 

coordination complex [33] thereby making the metal ion available for reduction. Overall, 

based on the obtained electrochemical data, we confirm that the redox active species present 

in a GA/Fe
III

 network are indeed of a different nature with the gallic acid ligand being 

oxidized creating a weaker Fe
III

-ligand interaction allowing the Fe
III

 ions to be reduced during 

the first complete CV scan.  

 

To evaluate the redox behaviour of the GA/Fe
III

 system further, especially upon irreversible 

oxidation of the phenolic ligand, we recorded 5 consecutive CVs in the potential range of -

500 mV and +900 mV. As it can be seen from Figure 3a, the redox response of the GA/Fe
III

 

network is of a quasi-reversible character; i.e. oxidation and reduction peaks are clearly 

identifiable for each cycle, though, with a noticeable decrease in the current magnitude 

compared to the first cycle (Figure 2b). The abrupt current drop, especially for the oxidation 

peak, is observed between the 1
st
 and 2

nd
 as well as 2

nd
 and 3

rd
 cycles, after which it 

stabilizes; whereby the 4
th

 and 5
th

 cycles are very similar in magnitude. We attribute the 

oxidation peak current decrease between the 1
st
 and 2

nd
 cycles to the irreversible oxidation of 

the phenolic ligand. The oxidation peak that is seen on the second CV most likely occurs due 

to both; (i) phenolic ligand oxidation of an intact portion of the GA/Fe
III

 network and (ii) 

oxidation of Fe
II
 back to Fe

III
 after its reduction during the first CV scan. A similar scenario is 

valid for all consecutive CV cycles until oxidation of the ligand is complete and only the 

quasi-reversible (the peak to peak separation is greater than 59 mV) oxidation/reduction of 

Fe
II
/Fe

III
-quinone complex is observed (Figure 3b). Assuming that the last statement is valid 

for the 5
th

 CV cycle, we made an attempt to estimate the oxidized portion of the phenolic 



ligand upon completion of each CV cycle. Figure 3b shows the remaining percentage of the 

oxidation current with respect to the cycle number. The current exponentially decays to about 

20 % of its original value which can be attributed to the quasi-reversible Fe
II
 to Fe

III
 oxidation 

response during each cycle, except for the first cycle as noted earlier. Therefore, for a given 

amount of GA/Fe
III

 sample ~80 % of the phenolic ligand is irreversibly oxidized after 

completion of the first CV cycle with the remaining 20 % of the ligand being oxidized over 

the next three cycles. It is important to note, that the reduction peak current is also decreasing 

after completion of a few CV scans. Although the decrease in magnitude is not as drastic as 

the oxidation process, it is possibly due to partial loss/release of the metal ion from the 

GA/Fe
III

 network during the imposed electrochemical stimulus.  

 

To support the proposed idea that iron ions are being released from the GA/Fe
III

 network 

during its oxidation, we modified the experimental setup for further electrochemical 

characterization. More precisely, we replaced a conventional GCE used under static 

conditions, with a rotating ring-disk electrode (RRDE) on which the GA/Fe
III

 capsule 

ethanol/nafion suspension was drop cast onto the disc portion of the electrode and air-dried 

(Figure 4a). The main advantage of using a RRDE is the ability of employing various 

electrochemical techniques simultaneously. Thus, the glassy carbon disk with drop casted 

GA/Fe
III

 capsules was subject to a CV scan in the potential region of -450 mV to +700 mV, 

while the gold ring was kept at a constant and sufficient potential of -450 mV for the 

reduction of Fe
III

 ions that may be liberated into solution.  

 

We hypothesise that upon oxidation of the GA/Fe
III

 network, weakly coordinated metal ions 

in the Fe
III

 - quinone complex due to physical disturbance caused by electrode rotation (1000 

rpm) would be swept away from the network and driven to the gold ring electrode where it 

would be reduced to Fe
II
. As can be seen from the recorded chronoamperometric (CA) profile 

at the gold ring electrode as shown in Figure 4b, the current increases with time (during the 

forward CV scan) directly proving Fe
III

 reduction occurs which originates from the gradually 

oxidizing GA/Fe
III

 network. The reduction current on the ring is measured up until almost the 

end of the reverse CV scan where the supply of Fe
III

 ion is decreasing. At this point, the Fe
III

 

ion is simply being reduced within the GA/Fe
III

 network at the disc electrode resulting in a 

lower amount of Fe
III

 ion available for reduction at the ring electrode which is reflected in 

current drop in the recorded CA. At the beginning of the second CV scan the supply of Fe
III

 

ion is re-established (upon further oxidation of the phenolic ligand and the newly formed Fe
II
 



which becomes oxidised) and the process repeats itself (Figure 4c). We continued recording 

CA experiments at the ring electrode while simultaneously running up to 20 consecutive CV 

cycles to obtain information regarding the longevity of GA/Fe
III

 capsules under repetitive 

oxidation/reduction conditions.  We observed a repetitive local “on-off” character of Fe
III

 

release during the reductive/oxidative stimuli which induced the disassembly of the metal 

phenolic network. Overall, the largest amount of iron was released after ~ 35 min which was 

completely spent after 80 min at the given electrochemical conditions of potential scan range 

and sweep rate. Furthermore, to test whether continuous Fe
III

 ion release from the GA/Fe
III

 

network could be achieved, we ran CV scans in a more limited potential window range of 

+150 mV to +700 mV to avoid the reduction of released Fe
III

 in solution back to Fe
II
. The 

phenolic ligand is expected to be constantly oxidizing on the forward cycle and forming a 

weaker Fe
III

-quinone complex, from which Fe
III

 ions should be released and subsequently 

monitored at the ring electrode.  As in previous case, a constant potential of -450 mV was 

applied to the gold ring for recording the CA for 20 CV cycles at the disk electrode (Figure 

4d). As expected, we did not observe any disruption or “on-off” type behaviour in Fe
III

 ion 

release on the recorded CA profile during repetitive cycling, as in case with the broader 

potential range that would encompass reduction of Fe
III

 ions. Therefore, by avoiding Fe
III

 ion 

reduction in the network while constantly oxidizing the ligand, the continuous release of iron 

ions from the GA/Fe
III

 network can be achieved.  

 

CONCLUSIONS 

 

In summary, we have demonstrated that a MPN film prepared from a small phenolic ligand 

of GA and Fe
III

 as a metal cross-linker is an electrochemically active system and its redox 

response is of a quasi-reversible character. Our results suggest that the initial redox responses 

of the GA/Fe
III

 network originate from the irreversible oxidation of the ligand as well as the 

quasi-reversible reduction of the metal ion. Nevertheless, in chosen potential regions the 

MPN network is unresponsive to reductive stimuli unless oxidized beforehand. More 

specifically, the strong Fe
III

 – gallic acid interaction can be weakened during ligand oxidation 

(~80% upon the first CV cycle) which leads to the formation of a less stable coordination 

complex. Finally, we proved qualitatively that the release of Fe
III

 from the network upon 

inducing the electrochemical stimuli can be achieved. It was also demonstrated that the 

specific redox conditions for its’ “on-off” or continuous supplement of ions to the aqueous 

environment could be controlled. Overall, our results unravel valuable fundamental insights 



for the future design of multi-functional MPN platforms for various biologically relevant 

applications and may have implications for drug delivery whereby an oxidising environment 

of sufficient redox potential will be required to weaken the phenolic network. We are 

currently extending our investigation to similar MPN systems including the use of other 

simple phenolic ligands and different metal ions. 

 

 

 

EXPERIMENTAL 

 

Materials. Gallic acid (GA, 97.5%), iron(III) chloride hexahydrate (FeCl36H2O), sodium 

hydroxide (NaOH), sodium sulfate (Na2SO4) were purchased from Sigma-Aldrich and used 

as received. Polystyrene (PS) particles (D = 3.20 ± 0.07 μm) were purchased from 

Microparticles GmbH. Tetrahydrofuran (THF) was purchased from Chem Supply. High-

purity (Milli-Q) water with a resistivity of 18.2 MΩ cm was obtained from an inline 

Millipore RiOs/Origin water purification system. 

 

GA/ Fe
III

 Film Formation on Particulate Substrates.  The standard protocol is described as 

follows. 50 μL of polystyrene (PS, D = 3.20 ± 0.07 μm, 10% (w/w) water suspension) 

particles was first washed twice with Milli-Q water. Then, 400 μL of the ligand (GA) 

solution (15 mM) was added to the PS particles and vortexed for 10 s. 200 μL of FeCl3·6H2O 

(30 mM) solution was then added and quickly vortexed for 3−4 s. Subsequently, the mixture 

pH was raised by addition of 20 μL of 0.5 M NaOH solution, followed by vortexing for 1 

min; the final pH values of the mixture was ∼3.8. Unreacted supernatant was removed by 

centrifugation (1700g, 1 min) followed by four washing steps in Milli-Q water. Dissolution 

of the PS cores was accomplished by washing the pellets with THF three times (1900g, 1 

min). The obtained hollow capsules were washed twice (2000g, 3 min) with Milli-Q water 

and finally resuspended in 400 μL of Milli-Q water for characterization.  

 

 

Characterization.  

Differential interference contrast (DIC) microscopy images were taken with an inverted 

Olympus IX71 microscope. 



 

Electrochemical experiments in static conditions were performed using a MM510 

Potentiostat/Galvanostat (MMates, Italy). A standard three-electrode electrochemical cell was 

used to record cyclic voltammograms where glassy carbon electrode (GCE, 3mm diameter) 

served as a working, Pt-wire as a counter, and Ag/AgCl(KCl) as a reference electrode 

respectively.  

Electrochemical experiments under dynamic conditions were performed using an Autolab 

Bipotentiostat/Galvanostat (BioLogic VSP workstation). A similar three-electrode 

electrochemical cell setup was used to record cyclic voltammograms and 

chronoamperograms with the exception of using a rotating ring-disk (BAS) as a working 

electrode (RRDE, glassy carbon disk – 4 mm diameter, gold ring width – 2 mm, the gap 

between outer circle of the disk and inner circle of the ring – 1 mm). The rotating speed was 

set to 1000 rpm.   

For all electrochemical measurements 1M Na2SO4 aqueous solution was used as a supporting 

electrolyte. The supporting electrolyte was deaerated by purging nitrogen for 30 min before 

each measurement. The total amount of freshly prepared GA/Fe
III

 capsules yielded upon 

described experimental procedure (~ 2  10
6
) was resuspended in 2.5 µL/ 25 µL 

Nafion/Ethanol solution. 10 µL of the resulting GA/Fe
III

 capsule suspension were drop cast 

on GCE or RRDE and air-dried. Before each drop-casting procedure, both GCE and RRDE 

were thoroughly polished using alumina polishing kit and washed with ethanol.  

Cyclic voltammograms on the GCE were recorded in the potential region of -0.5 V to +0.9 V 

for the GA/Fe
III

 systems and -0.9 V to +0.9 V for the 15mM gallic acid solution. In each case, 

the scan rate was 5 mV/s.  

Cyclic voltammograms for the GA/Fe
III

 system on the RRDE were recorded in the potential 

region of -0.45 V to +0.7 V and +0.15 V to +0.7 V. In each case, the scan rate was 10 mV/s. 

Chronoamperograms were recorded at the gold ring electrode at a constant potential of -0.45 

V.  

 

 



 

 

Figure 1. Schematic representation of the GA/Fe
III

 network fabrication (a) and an overview 

of the experimental setup for their electrochemical characterization (b). Recorded under static 

conditions, a cyclic voltammogram for the GA/Fe
III

 network in an aqueous solution of 1M 

Na2SO4 (c). Dotted line in (c) represents bare glassy carbon electrode as a reference. The 

arrow indicates direction of CV scan. The scan rate is 5 mV/s. 

 

 

 

 

 

 

 



 
 

Figure 2. Recorded under static conditions, a cyclic voltammogram for a 15 mM GA 

aqueous solution at a bare GCE (a) and the GA/Fe
III

 network (b). The CV in (b) was 

originally swept from +100 mV to -500 mV followed by a complete cycle. The blue arrows 

in (a) and (b) indicate the direction of the scan. The green arrow in (b) shows the start of the 

scan. The scan rate is 5 mV/s.  Schematic representation of possible phenolic ligand 

oxidation assuming irreversible oxidation of the catechol to the quinone dominates the 

process (c).  

 

 
 

Figure 3. Recorded under static conditions, repetitive cyclic voltammograms for the GA/Fe
III

 

network (a). The plot (b) shows the remaining percentage of the oxidation peak current in (a) 

as a function of the number of CV cycles. The arrow in (a) indicates the direction of the scan. 

The scan rate is 5 mV/s. 

 



 

 

Figure 4. Schematic representation of Fe
III

 release from the GA/Fe
III

 network drop-casted on 

a glassy carbon disk and its reduction to Fe
II
 at the gold ring of a rotating ring-disk electrode 

(a). Chronoamperogram recorded at the gold ring during the first CV cycle of the GA/Fe
III

 

network in the potential region of -450 mV to +700 mV (b). Extended CA profiles during 21 

consecutive CV cycles of the GA/Fe
III

 network in the potential region of -450 mV to +700 

mV (c) and +150 mV to +700 mV (d). The rotating speed is 1000 rpm. The scan rate is 10 

mV/s. Applied constant potential of the gold ring is -450 mV. 
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